Slit, which mediates its function by binding to the Roundabout (Robo) receptor, has been shown to regulate neuronal and CXCR4-mediated leukocyte migration. Slit-2 was shown to be frequently inactivated in lung and breast cancers because of hypermethylation of its promoter region. Furthermore, the CXCR4/CXCL12 axis has been reported recently to be actively involved in breast cancer metastasis to target organs such as lymph nodes, lung, and bone. In this study, we sought to characterize the effect of Slit (‫؍‬Slit-2) on the CXCL12/ CXCR4-mediated metastatic properties of breast cancer cells. We demonstrate here that breast cancer cells and tissues derived from breast cancer patients express Robo 1 and 2 receptors. We also show that Slit treatment inhibits CXCL12/CXCR4-induced breast cancer cell chemotaxis, chemoinvasion, and adhesion, the fundamental components that promote metastasis. Slit had no significant effect on the CXCL12-induced internalization process of CXCR4. In addition, characterization of signaling events revealed that Slit inhibits CXCL12-induced tyrosine phosphorylation of focal adhesion components such as RAFTK/Pyk2 at residues 580 and 881, focal adhesion kinase at residue 576, and paxillin. We found that Slit also inhibits CXCL12-induced phosphatidylinositol 3-kinase, p44/42 MAP kinase, and metalloproteinase 2 and 9 activities. However, it showed no effect on JNK and p38 MAP kinase activities. To our knowledge, this is the first report to analyze in detail the effect of Slit on breast cancer cell motility as well as its effect on the critical components of the cancer cell chemotactic machinery. Studies of the Slit-Robo complex may foster new anti-chemotactic approaches to block cancer cell metastasis.
Breast cancer metastasis is the main cause of treatment failure and death in patients with breast cancer. Tumor cells migrate to other distant organs, invading blood and lymphatic vessels and leading to secondary tumor formation. A wide number of molecules, including various cytokines, chemokines, and growth hormones, have been implicated to be responsible for the metastatic property of breast cancer cells (1) (2) (3) (4) (5) (6) (7) .
Chemokines have been shown recently (5) to play a key role in breast cancer metastasis. Moreover, breast cancer cells have been demonstrated to express the chemokine receptors, CXCR4 and CCR7, whereas organs such as the lymph nodes and lungs, which represent important sites of breast cancer metastasis, have been reported to express ligands of these receptors (5) . Furthermore, in vitro neutralization of the CXCL12/CXCR4 interaction led to a marked inhibition of lymph node and lung metastasis. In other cancers, such as of the prostate and ovary, CXCL12 was shown to promote tumor cell transendothelial chemotaxis (8, 9) . Human melanoma cells have also been shown to express functional CXCR4 receptors that may contribute to tumor cell invasion and the growth of these tumors (10) . Besides CXCL12, other ␣-chemokines such as interleukin-8 and GRO␣ have also been reported (11) to stimulate the migration and adhesion of prostrate carcinoma cells.
CXCL12-induced leukocyte chemotaxis was shown recently to be inhibited by a secretory glycoprotein termed Slit (12) . Slit was originally found to be expressed in neurons and glial cells in the neuronal system and was later shown to play the role of a multifunctional signaling molecule by acting as a silencer and a repellent, and perhaps as a branching and elongation factor (13) (14) (15) (16) (17) (18) (19) . Slit consists of a family of three genes, Slit-1, Slit-2, and Slit-3, that have been cloned from different model systems (20 -23) . The roundabout (Robo) 1 receptor is a molecular target for Slit (22) (23) (24) (25) . Robo, which is highly conserved from fruit flies to mammals, consists of a novel subfamily of Ig superfamily proteins (19) . Identification of Robo mutations in genetic screens for guidance defects has revealed the importance of Slit/Robo signaling in axon guidance and cell migration (24, 26, 27) .
Recently, Slit was also shown to act as a tumor suppressor, since overexpression of Slit suppressed colony growth in breast tumor cell lines (28) . Furthermore, the importance of the SlitRobo complex in breast cancer has been confirmed by genetic studies showing that the SLIT and ROBO genes are frequently inactivated in breast cancer patients due to hypermethylation of the promoter region (28) . Although Slit has been demonstrated to play an important role in regulating the movement of neurons and leukocytes, the signaling pathways that mediate these effects are not well known.
In this study, we present a novel observation that Slit inhibits breast cancer cell chemotaxis and chemoinvasion by downmodulating critical downstream molecules in the CXCR4-me-* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed: Harvard Institutes of Medicine, BIDMC, 4 Blackfan Circle, Room 343, Boston, MA 02115. Tel.: 617-667-0060; Fax: 617-975-5240; E-mail: rganju@bidmc. harvard.edu. diated signaling pathway, including components of focal adhesion kinase. It also inhibits MAP kinase and metalloproteinase 2 and 9 activities that may be involved in chemoinvasion. Thus Slit, by blocking breast cancer cell movement, may inhibit CXCL12-induced breast cancer metastasis.
EXPERIMENTAL PROCEDURES
Cell Lines-DU4475 cells were obtained from ATCC. MDA-MB-231 cells were generously provided by Hava Avraham (Beth Israel Deaconess Medical Center, Boston). DU4475 cells were grown at 37°C in 5% CO 2 in RPMI 1640 containing 10% fetal bovine serum, according to the recommendations of the supplier. MDA-MB-231 cells were maintained in DMEM with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C in 5% CO 2 .
RT-PCR Analysis-Total RNA was extracted from DU4475 and MDA-MB-231 breast cancer cells using a standard TRIzol extraction protocol. 0.5-1 g of total RNA was reverse-transcribed with extended PCR using the Titanium TM one-step RT-PCR kit according to the manufacturer's instructions (BD Biosciences). The primers used are as follows: Robo 1 forward, GCCGCCCCACACCCACTAT, and Robo 1 reverse, GGCCACACAGCTGAGGACGAAAG; Robo 2 forward, CCCCAG-CAGCCCAACAGTAGA, and Robo 2 reverse, TGGGCCGCAGTCCTCT-TACA. The PCR was carried out at the annealing temperature of 60°C, and the PCR products were analyzed on 0.7% agarose gels.
Immunohistochemistry-The paraffin-mounted normal and malignant breast tissues slides obtained from the Co-operative Human Tissue Network (Philadelphia) were deparaffinized three times with xylene, followed by hydration with sequential treatment of the slides twice each to 100, 95, and 70% ethanol for 5 min per treatment. The DU4475 cells or the MDA-MB-231 cells were mounted and fixed on slides with paraformaldehyde for 15 min at room temperature, followed by washings with phosphate-buffered saline (PBS). The slides were subjected to immunohistochemistry by using the DAB staining kit (Vector Laboratories). Briefly, the slides were blocked for 10 min with 1.5% normal horse serum followed by incubation with either Robo 1 (1:20), Robo 2 (1:20), CXCR4 (1:100), or control IgG (1:20) for 1 h. The slides were then rinsed with PBS and incubated with pantothenatespecific universal secondary antibody for 10 min. Following a wash with PBS, the slides were further incubated with streptavidin-peroxidase complex reagent for 5 min. The slides were again washed and developed with 3,3Ј-diaminobenzidine (DAB) as substrate according to the manufacturer's instructions. The slides were mounted with aqua mount and photographed.
Preparation of Slit and Control Supernatant-Slit was obtained from the supernatants of Myc-tagged Slit transfected human embryonic kidney cells, according to published procedures (12, 16) . Slit expression was monitored by anti-c-Myc or anti-Slit antibody. Control preparations obtained from the vector-transfected cell lines were prepared by using the same procedure as that employed for the Slit preparations. This partially purified Slit was further enriched on a Superdex 200 gel filtration column using the Amersham Biosciences FPLC system. The column was run on PBS containing 2 M NaCl. The fractions were analyzed on 8% SDS-PAGE gels stained with silver stain or on immunoblots probed with anti-Myc antibodies. The purified fractions, which were found to be homogenous by silver staining and Western blotting with c-Myc tag antibodies, were dialyzed with PBS, concentrated, and used for the chemotaxis assays.
Stimulation of Cells-Stimulation of cells was carried out as described earlier (29 -31) . Briefly, DU4475 cells were washed twice with Hanks' buffered salt solution (Cellgro) and then resuspended in the Hanks' buffered salt solution with a density of 10 7 cells/ml. The cells were subsequently starved of serum for 3 h at 37°C followed with either Slit supernatant or control supernatants for 1 h at 37°C. The pretreated cells were stimulated with 100 ng/ml CXCL12 (10 nM) (PeproTech) at 37°C for various times. At the end of the stimulation, cells were harvested by centrifugation and lysed in modified radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 10 g/ml leupeptin, 10 g/ml antipain, 10 g/ml chymostatin, 100 g/ml trypsin inhibitor, 10 g/ml pepstatin, 10 mM sodium Paraffin-mounted slides of patient-derived breast cancer tissues were processed for immunohistochemistry analysis as described under "Experimental Procedures" using the DAB staining kit. The slides were stained for Robo 1, Robo 2, or control IgG (AbC) and then developed with DAB as substrate, mounted with aqua mount, and photographed. Breast cancer tissue slides were also stained for hematoxylin and eosin (H&E) to check the pathology of the tissue section.
vanadate, 10 mM sodium fluoride, and 10 mM sodium pyrophosphate). The cell lysates were clarified by centrifugation at 10,000 ϫ g for 10 min at 4°C. Protein concentrations were determined by the Bio-Rad detergent-compatible protein assay.
Immunoprecipitation, Immunodepletion, and Western Blot Analysis-Equal amounts of protein from the stimulated time points were clarified by incubation with protein A-Sepharose CL-4B or GammaBind TM -Sepharose beads (both from Amersham Biosciences) for 1 h at 4°C. The Sepharose beads were removed by brief centrifugation, and the supernatants were incubated with different primary antibodies for 2 h at 4°C. Immunoprecipitation of the antibody-antigen complexes was performed by incubation at 4°C overnight with 50 l of protein A-Sepharose CL-4B or GammaBind TM -Sepharose (50% suspension). Nonspecific interacting proteins were removed by washing the beads three times with modified RIPA buffer and once with PBS. Immune complexes were solubilized in 50 l of 2ϫ Laemmli buffer, boiled, and subjected to SDS-PAGE. The proteins were transferred onto nitrocellulose membranes. The membranes were then blocked in 5% nonfat milk protein for 2 h at 37°C or overnight at 4°C and probed with primary antibody for 3 h at room temperature or at 4°C overnight. Immunoreactive bands were visualized using horseradish peroxidaseconjugated secondary antibody and the enhanced chemiluminescence system (ECL, Amersham Biosciences). For the immunodepletion experiments, the Slit or control supernatant concentrates were incubated with anti-Myc antibodies for 1 h at 4°C, followed by overnight incubation with protein A-Sepharose. The beads were removed by centrifugation, and the supernatant was used as the immunodepleted sample.
Flow Cytometry-For receptor expression, both DU4475 and MDA-MB-231 cells (1 ϫ 10 6 ) were washed twice with PBS, resuspended in 100 l of PBS with 5% fetal bovine serum (FBS) and Robo 1 or Robo 2 antibodies (Santa Cruz Biotechnologies) or with goat IgG antibodies as control, and then incubated at 4°C. Cells were washed three times in PBS containing 5% FBS and incubated with anti-goat IgG labeled with fluorescein isothiocyanate for 2 h at 4°C. The cells were next washed three times with ice-cold PBS, 5% FBS buffer, resuspended in 200 l of PBS, and then analyzed by flow cytometry to determine the surface expression levels of these receptors.
For receptor down-modulation, DU4475 cells were pretreated with Slit or control supernatant and then stimulated with CXCL12 at different time points. The stimulation was terminated with ice-cold PBS, followed by 3 washes with PBS. The cells were fixed in 4% paraformaldehyde for 15 min at room temperature. The CXCR4 receptor on the cells was stained with phycoerythrin-coupled anti-CXCR4 antibody for 1 h at 4°C. The cells were next washed with PBS, suspended in 1% formaldehyde in PBS, and subjected to flow cytometric analysis.
Chemotaxis and Chemoinvasion Assays-Migration and invasion were assayed in 24-well cell-culture chambers with 8-m pore membranes, as described (5, 30) . Membranes were pre-coated with either fibronectin (FN) (2.5 g/ml) for chemotaxis studies or with Matrigel (BD Biosciences) for chemoinvasion studies of the MDA-MB-231 cells. Breast cancer cells were resuspended in chemotaxis buffer (DMEM, 0.1% bovine serum albumin, 12 mM HEPES for the MDA-MB-231 cells and RPMI 1640, 2.5% FBS for the DU4475 cells) at 2.5 ϫ 10 6 cells/ml. Cells were pretreated with Slit or control preparation for 30 min. 150 l of cells from each sample was loaded onto the upper chamber. 0.6 ml of medium containing CXCL12 (5 nM) with Slit or the control was then loaded onto the lower chamber. The plates were incubated for 24 h at 37°C in 5% CO 2 . After incubation, the inserts were removed carefully, and the MDA-MB-231 cells were fixed, stained, and counted using standard procedures. For the DU4475 line, cells were counted directly by using a Neubar chamber. The results were expressed as the percent of migrated cells as compared with the control.
Adhesion Assay-The wells of a 96-well tissue culture plate, precoated with 10 g/ml FN (BD Biosciences) or collagen IV (BD Biosciences) overnight at 4°C, were washed with PBS and blocked with 0.5% bovine serum albumin in DMEM for 1 h at 37°C. Plates were again rinsed with PBS and air-dried. Cells were seeded at 5 ϫ 10 4 cells/well in 200 l of serum-free medium and allowed to attach for 1 h at 37°C in the presence or absence of Slit or the control. Non-adherent cells were removed by gentle washing with PBS. The adherent cells were quantified by using the Roche Applied Science MTT cell proliferation assay kit.
Receptor Binding Assay-Binding of CXCL12 to its receptor CXCR4 was assessed by using 1 ng/ml 125 I-labeled CXCL12 (Amersham Biosciences) in the presence of various concentrations of purified Slit or unlabeled CXCL12 (PeproTech) (32) . Briefly, DU4475 cells at 10 7 /ml in RPMI 1640 containing 1% bovine serum albumin (w/v) and 25 mM/liter HEPES were incubated in the presence of various concentrations of purified Slit or unlabeled CXCL12 together with 1 ng/ml 125 I-labeled CXCL12 for 1 h at room temperature and then washed three times with cold RPMI 1640 containing 25 mM/liter HEPES. Cell pellet-associated radioactivity was determined in a gamma counter.
JNK and p38 MAP Kinase Assays-The JNK and p38 MAP kinase assays were performed as described previously (33, 34) . Briefly, cell lysates were immunoprecipitated with JNK antibody (Santa Cruz Biotechnology). The immune complexes were washed twice with RIPA buffer and once in kinase buffer (50 mM HEPES, pH 7. A, the Slit or control supernatant concentrates were incubated with anti-Myc antibodies for 1 h at 4°C, followed by overnight incubation with protein A-Sepharose. The beads were removed by centrifugation, and the supernatant was used as the immunodepleted sample (I.D.). DU4475 breast cancer cells were pretreated with the immunodepleted control (Control I.D., 100 g/ml), immunodepleted Slit (Slit I.D., 100 g/ ml), or the undepleted concentrates (either Slit or control; 100 g/ml). The cells were untreated (UN) or treated with CXCL12 as indicated and then subjected to chemotactic assays. B, the DU4475 breast cancer cells were pretreated with FPLC-purified Slit at varying concentrations as indicated and then subjected to chemotactic assays using CXCL12 (10 nM). The IC 50 value (111 ng/ml) was determined by using linear interpolation. *, p Ͻ 0.05. C, shows a chemotactic assay in the presence of purified Slit using different concentrations of CXCL12. Experiments were repeated three times, and a representative experiment is shown.
buffer and once in kinase buffer and then incubated in kinase buffer containing 7 g of myelin basic protein (Upstate Biotechnology Inc.) and 5 Ci of [␥- 32 P]ATP for 20 min at 30°C. Proteins were separated on 15% SDS-PAGE and detected by autoradiography.
c-Src Kinase Assay-The c-Src kinase assay was carried out as described previously (30, 34) . Briefly, the cell lysates were immunoprecipitated with c-Src antiserum. The immune complexes were washed twice with RIPA buffer and once with kinase buffer (10 mM HEPES, pH 7.4, 5 mM MnCl 2 , 10 M Na 3 VO 4 ). For the in vitro kinase assays, the immune complexes were incubated for 30 min at 25°C in kinase buffer containing acid-denatured rabbit muscle enolase (Sigma) and 5 Ci of [␥-
32 P]ATP. The reaction was stopped by adding 2ϫ SDS sample buffer and boiling the samples for 5 min. The samples were subjected to 10% SDS-PAGE and detected by autoradiography.
PI 3-Kinase Assay-The Slit and control pretreated DU4475 cells were stimulated with CXCL12 (100 ng/ml) at different time points and lysed in lysis buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl 2 , 0.2 mM EDTA, 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 10 g/ml pepstatin, 10 g/ml leupeptin, 10 g/ml antipain, 10 g/ml chymostatin, 100 g/ml trypsin inhibitor, 10 mM sodium vanadate, 10 mM sodium fluoride, and 10 mM sodium pyrophosphate). PI 3-kinase activity was immunoprecipitated from 500 g of lysates using anti-p85 antibody (Santa Cruz Biotechnology) and protein A-Sepharose CL-4B beads, as described above. The immunoprecipitates were washed once with lysis buffer followed by three washes with wash buffer containing 25 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl 2 , and 0. , and the labeled lipids were visualized by autoradiography. The labeled products were cut from the plates and measured for radioactivity.
Measurement of PTEN Activity-The Slit and control pretreated DU4475 cells were stimulated with CXCL12 (100 ng/ml) at different time points and lysed in lysis buffer without sodium vanadate. PTEN activities were measured using the PTEN Malachite Green Assay kit according to the manufacturer's protocol (Upstate Biotechnology, Inc.).
MMP Assay-MMPs were assayed either by gelatin zymography or by using MMP ELISA kits. The gelatin zymography was performed with slight modifications, as described (35) . Briefly, the cell culture was maintained to 80% confluency in serum-supplemented media. The monolayer was rinsed two times with PBS. The cells were then pretreated with Slit or control preparation for 30 min and stimulated with CXCL12 under serum-free conditions. After 24 h incubation at 37°C in 5% CO 2 , cell supernatants were collected and concentrated using Centricon units (Millipore). After standardization, samples were resolved on 10% SDS-PAGE containing 0.3% gelatin. Following electrophoresis, gels were washed twice in wash buffer containing 2.5% Triton X-100, 50 mM Tris-HCl, pH 7.0, 6.5 mM CaCl 2 , 5 M ZnCl 2, and 0.5 g per liter of NaN 3 . Gels were then rinsed briefly in the same buffer without Triton X-100. The gels were incubated for 24 h at 37°C in the same buffer containing 1% Triton X-100. Subsequently, the gels were fixed and stained with Coomassie Brilliant Blue. The MMP-2 and -9 quantikine ELISAs were performed according to the manufacturer's instructions (R&D Systems).
Statistical Analysis-The results are expressed as the mean Ϯ S.D. of data obtained from three or four experiments performed in duplicate or triplicate. Statistical significance was determined using the Student's t test. 
RESULTS

Expression of Robo Receptors in Breast Cancer Cells and in
Normal and Malignant Breast Tissues-Slit mediates its effect by binding to Robo receptors, which are highly conserved from fruit flies to mammals (19) . In mammals, four ROBO genes (ROBO 1, ROBO 2, ROBO 3, and ROBO 4) have been identified (16, 22, 23, 36) . The extracellular domain of Robo 1 contains five Ig domains and three fibronectin type III repeats, whereas the intracellular region contains four identifiable conserved motifs designated CC0, CC1, CC2, and CC3. Robo 2 and Robo 3 lack the CC2 and CC3 motifs (25, 37) . Total cellular RNA isolated from the DU4475 and MDA-MB-231 breast cancer cell lines was analyzed for the expression of Robo 1 and Robo 2 receptors by reverse transcriptase (RT)-PCR. As shown in Fig.  1A , both DU4475 cells and MDA-MB-231 cells expressed Robo receptors. The results were further confirmed by immunohistochemistry with Robo 1 and Robo 2 antibodies (data not shown). We further confirmed expression of the Robo receptors in breast cancer cell lines by fluorescence-activated cell sorter analysis. We found that 45% of DU4475 cells expressed Robo 2, whereas 20% of the cells expressed Robo 1. In contrast, 35% of MDA-MB-231 cells expressed Robo 1, whereas 21% of the cells expressed Robo 2 (Fig. 1B) .
We also examined the expression of Robo 1 and Robo 2 by immunohistochemistry of various breast cancer tissues obtained from the Co-operative Human Tissue Network (Philadelphia, PA). As shown in Fig. 2 , Robo 1 and Robo 2 were expressed by the breast cancer tissues. We also observed Robo expression in several other breast cancer samples (data not shown). Some of these tissues showed a variation in the level of Robo 1 and Robo 2. For example, some sections showed more of Robo 2 than of Robo 1 and vice versa (data not shown).
Slit Inhibits CXCL12-induced Breast Cancer Cell Migration, Chemoinvasion, and Cell Adherence-Because CXCL12 has been shown to induce breast cancer cell chemotaxis, we analyzed whether Slit-mediated Robo receptor activation could modulate this CXCL12-induced chemotaxis. The breast cancer cells were preincubated with Slit or control preparation and then analyzed for chemotaxis toward CXCL12. As shown, the chemotactic response of the DU4475 (Fig. 3A) and MDA-MB-231 (Fig. 3B ) breast cancer cells was inhibited significantly in the presence of Slit as compared with the control sample. Furthermore, Slit was also able to block the CXCL12-induced chemoinvasion of MDA-MB-231 cells (Fig. 3C) . We also studied the effect of Slit on the CXCL12-induced adhesive property of breast cancer cells. As shown in Fig. 3D , Slit pretreatment significantly inhibited the CXCL12-mediated adhesion of breast cancer cells to fibronectin-and collagen-coated plates.
To confirm further that Slit inhibits CXCL12-induced chemotaxis, Slit was immunodepleted from the concentrated Slit 
FIG. 7.
Slit blocks CXCL12-induced Src kinase and PI 3-kinase activation. DU4475 cells were preincubated with Slit (100 g/ml) or control (100 g/ml) and stimulated with CXCL12 (10 nM) for the indicated time points. The stimulated cells were lysed, and equal amounts of protein lysates were immunoprecipitated with either Src kinase antibodies (A) or p85 antibodies (B). The immune complexes were subjected to in vitro kinase assays as described under "Experimental Procedures." For the Src kinase activity, enolase was used as a substrate (A). The p85 immunoprecipitates were assayed for PI 3-kinase activity with phosphatidylinositol and radiolabeled ATP as substrates. The radiolabeled lipids were then extracted and chromatographed on silica gel TLC plates. The labeled lipids were then visualized by autoradiography. The experiment was done three times, and a representative experiment is shown. C, the cell lysates were analyzed for PTEN activity by using the Malachite Green Assay kit with phosphatidylinositol 3,4,5-trisphosphate as substrate. The inorganic phosphate liberated was detected by following the procedures of the assay kit. Absorbance was measured at 650 nm. The activity of PTEN is represented as picomoles of phosphate/g of protein. The values are shown as the mean Ϯ S.E. of three independent experiments. supernatants using anti-Myc antibody. As a control, the control supernatants were also immunodepleted. The immunodepleted supernatants were then analyzed for their inhibitory activities. We found that the Slit immunodepleted supernatants were not able to inhibit the chemotaxis of breast cancer cells in response to CXCL12 (Fig. 4A) . We next determined the anti-chemotactic activity of highly purified Slit. Slit was purified using the Superdex 200 FPLC system, and the purity of the sample was determined by silver staining and immunoblotting with c-Myc antibody (data not shown). We observed that purified Slit was able to block CXCL12-induced chemotaxis in a dose-dependent manner, with maximum inhibition obtained at 250 ng/ml (1.3 nM) of Slit (Fig. 4B) . Because Slit acts as a non-competitive antagonist to CXCL12-mediated chemotaxis, the K i value is equal to the IC 50 value, the concentration of antagonist that inhibits the response by 50% (38) . The IC 50 of Slit was found to be 111 ng/ml based on linear interpolation. Therefore, the K i value of Slit is ϳ111 ng/ml. We also studied the effect of purified Slit on the chemotaxis induced by different concentrations of CXCL12. As shown in Fig. 4C , we observed that Slit blocks chemotaxis induced by higher CXCL12 concentrations (500 ng/ml). These results indicate that Slit could induce inhibition of chemotaxis, chemoinvasion, and adhesion through the down-regulation of the CXCR4 receptor or by inhibiting the binding of CXCL12 to the CXCR4 receptor.
We therefore next examined CXCR4 receptor expression on DU4475 breast cancer cells after exposure to CXCL12, Slit, or the combination of CXCL12 and Slit. As shown in Fig. 5A , Slit pretreatment had no effect on CXCR4 expression. Furthermore, Slit pretreatment did not alter the down-modulation of the CXCR4 receptor induced by CXCL12. These results suggest that Slit has no effect on CXCR4 receptor levels in DU4475 cells.
Moreover, we did not observe any significant change in 125 I-CXCL12 binding to CXCR4 in DU4475 cells in the presence of different concentrations of Slit. However, unlabeled CXCL12 (100 ng/ml) did inhibit 125 I-CXCL12 binding to CXCR4 (Fig.  5B ). This suggests that Slit does not actively compete with CXCL12 for binding to the CXCR4 receptor.
Slit Inhibits the Phosphorylation of CXCL12/CXCR4-mediated Focal Adhesion Components-We next examined which signaling pathways might be inhibited following treatment with the Slit protein. Currently, the signaling pathways that modulate chemotactic pathways remain imprecisely defined. One possible mechanism whereby Slit could inhibit chemotaxis is through modulation of the components of focal adhesion complexes, which are involved in cell shape, movement, and invasion. The focal adhesion components, FAK and RAFTK/ Pyk2, have been shown to interact with various signaling molecules such as Src kinases, adaptor molecules, PI 3-kinase, and Src homology 2-containing phosphatases through various tyrosine-containing motifs (39 -41). We determined the effect of Slit on the phosphorylation of various tyrosine motifs of these proteins using tyrosine site-specific antibodies. As shown, Slit treatment specifically blocks the tyrosine phosphorylation of RAFTK at residues 580 and 881 (Fig. 6A) and of FAK at residue 576 (Fig. 6B) . Equal amounts of RAFTK and FAK proteins were present in each sample (Fig. 6, A and B, bottom panels) . In addition, we observed that Slit treatment inhibits the CXCL12-induced tyrosine phosphorylation of paxillin, a major cytoskeletal component of focal adhesions (Fig. 6C) .
Effect of Slit on Src and PI 3-Kinase Activities-Src kinase and PI 3-kinase have been shown to associate with FAK and RAFTK/Pyk2 (39, 40). It is now well established that Src and PI 3-kinase play a crucial role in the signaling pathways implicated in cellular migration and adherence (42) (43) (44) . Src and PI 3-kinase have been shown to regulate the phosphorylation and activation of various signaling molecules including FAK and RAFTK/Pyk2. We observed that Slit pretreatment inhibits CXCL12-induced Src kinase (Fig. 7A) and PI 3-kinase activities (Fig. 7B) . Because PI 3-kinase activity is regulated by PTEN (45, 46), we further analyzed whether Slit blocks PI 3-kinase by inhibiting the activity of PTEN. As shown in Fig. 7C , Slit treatment had no effect on PTEN activity. These data suggest that Slit does not regulate PI 3-kinase by modulating PTEN activity.
Slit Blocks p44/42 but Not p38 and JNK Kinase Activities-MAP kinases are known to play a pivotal role in regulating the proliferation and chemotaxis of many cells (47, 48) . We investigated the effect of Slit on different MAPK pathways, namely p44/42 (ERKs), SAPK2/p38, and SAPK1/JNK. As shown in Fig.  8 , Slit treatment abrogated the p44/42 activation induced by CXCL12, whereas under similar conditions, it had no noticeable effect on JNK or p38 kinase activities.
Slit Inhibits the Activities of Matrix Metalloproteinases-2 and -9 -Matrix metalloproteinases (MMPs) are a family of structurally related zinc-dependent neutral endopeptidases that are involved in the extracellular matrix degradation required for migration (49, 50) . A recent investigation suggests that chemokine-mediated regulation of MMP activity plays an important role in transmigration (49) . Moreover, MMPs have been shown to contribute actively toward cancer progression and metastasis. We observed an increase in the expression of MMP-2 upon stimulation of MDA-MB-231 cells with CXCL12. This increase in the level of MMP-2 expression was seen to be blocked by Slit in comparison to the control (Fig. 9A) . CXCL12-induced MMP-2 and MMP-9 activities were also considerably inhibited in cells pretreated with Slit as compared with the control-treated cells (Fig. 9, B and C) . The data were further confirmed by using the MMP quantikine ELISA kit. Fig. 9 (D and E) shows that the CXCL12-induced expression of MMP-9 and MMP-2 was inhibited by Slit pretreatment, whereas control pretreatment had no effect on MMP-9 or MMP-2 activity.
DISCUSSION
In this study, we demonstrate that the secreted protein Slit down-modulates the CXCL12/CXCR4-mediated chemotaxis, chemoinvasion, and adhesion of breast cancer cells. These processes are critical steps in the intricate process leading to metastasis. Previously, Slit was known to be involved in axon guidance decisions and to play a critical role in determining the pattern of commissural neurons (13) (14) (15) (16) (17) (18) (19) . However, evidence is growing that supports the involvement of Slit family members in carcinogenesis (28, 51) . Recently, Slit-2 was shown to be frequently inactivated in lung and breast cancers due to hypermethylation of its promoter region (28, 52) . Furthermore, Slit-2 was demonstrated to act as a tumor suppressor because the ectopic expression of Slit-2 protein in several breast cancer cell lines inhibited cell growth and reduced colony formation abilities (28) .
Thus, inactivation of Slit could enhance the CXCL12/ CXCR4-mediated chemotaxis of breast cancer cells. It has been reported that more motile tumor cells may have increased metastatic potential (53) . Furthermore, the CXCL12/CXCR4 axis has been shown recently (5) to play an important role in the homing of breast cancer cells to sites of metastasis such as bone, lung, and lymph nodes. Moreover, a marked reduction of lymph node and lung metastasis was observed in mice injected with neutralizing antibody against CXCR4 (5). In addition, the CXCL12-CXCR4 complex has been shown to be involved in prostate and ovarian cancer metastasis (8, 9) . Slit mediates its function by binding to the Robo receptors. Robo defines a novel subfamily of immunoglobulin superfamily proteins and is highly conserved from fruit flies to mammals (19) . Four different Robo family members have been reported (16, 22, 23, 36 ). In the present study, we observed differences in expression patterns between Robo receptor family members in breast cancer cells. MDA-MB-231 cells were shown to express more of the Robo 1 receptor, whereas DU4475 cells expressed more of the Robo 2 receptor. We also observed Robo 1 and Robo 2 expression in breast cancer tissues derived from cancer patients. ROBO gene inactivation due to hypermethylation of its promoter region has also been reported in breast cancer patients, suggesting the importance of Robo in the development of breast cancer (28) .
Most of the work on Slit-mediated inhibition of chemotaxis has been done in the neuronal system. Furthermore, not much is known about Slit-induced signaling pathways that block chemotaxis. We entertained a different hypothesis, namely that Slit could abrogate CXCL12/CXCR4-induced chemotaxis, chemoinvasion, and adhesion mechanisms. Because downmodulation of the CXCR4 receptor could lead to inhibition of its activity, we considered whether CXCR4 receptor expression might be reduced by Slit treatment. We did not detect downregulation of the CXCR4 receptor upon Slit treatment. This suggests that alteration in CXCR4 expression may not regulate Slit-mediated inhibition of chemotactic mechanisms in breast cancer cells.
Slit may regulate chemotaxis by modulating the proteintyrosine kinase pathway. The protein-tyrosine kinase pathway regulates cell motility by modulating focal adhesions, which consist of a complex assembly of cytoskeletal proteins (54) . These structures are important for cell migration (54) . We observed that Slit blocks the activity of Src kinases, which are known to be involved in focal adhesion dynamics. The Src substrates include FAK, RAFTK (Pyk2), and paxillin, which are components of focal adhesions (39, 40). In our study, Slit treatment inhibited the phosphorylation of RAFTK at residues 580 and 881, FAK at residue 576, as well as paxillin. Tyrosine residue 580 of RAFTK and 576 of FAK are present in the catalytic loop of these molecules and enhance their function. Src has been shown to phosphorylate the 576 site of FAK. This suggests that Src inhibition leads to decreased tyrosine phosphorylation of RAFTK and FAK at these residues. c-Src has been shown to play a key role in regulating focal adhesions (41) . It has been reported that c-Src-transformed cells have morpho- FIG. 9 . Slit blocks CXCL12-induced MMP activity. Conditioned media were concentrated from MDA-MB-231 cells pretreated with partially purified Slit (100 g/ml) or control preparation (100 g/ml) in the presence of CXCL12 (10 nM). Equal volumes of the concentrates were analyzed for the level of MMP-2 by using immunoblot analysis with anti-MMP-2 antibodies (A). For the gelatin zymography, similar volumes of concentrates were loaded with Laemmli buffer without boiling and run on 10% SDS-polyacrylamide gels containing 0.3% gelatin. The gel was then stained with Coomassie Blue (B). The activity of MMP was quantified by inverting the image and scanning for band intensity (C). The gelatin zymography was done four times, and the experiment is a representative one. The graph depicts the average negative band intensity based on four different experiments. Data are represented as the mean Ϯ S.E. MDA-MB-231 cells were pretreated with partially purified Slit or control preparation as indicated, followed by stimulation with or without CXCL12 (100 ng/ml). The supernatant concentrates from these samples were then assayed for MMP-2 (D) and MMP-9 (E) expression using quantikine ELISA. *, p Ͻ 0.05 for all experiments.
logically abnormal focal adhesions and are defective in cell substrate adhesion (55) . RAFTK, which is a novel member of the focal adhesion kinase family, acts as a "platform kinase" and links chemokine receptors to the nucleus via the MAP kinase pathway and cytoskeleton in blood cells (40) . It has been shown that RAFTK mediated the activation of MAP kinase in PC12 cells (56) . RAFTK and FAK have also been shown to associate with paxillin through their proline-rich C-terminal domains (40) . In neuronal cells, Slit has been shown to affect actin cytoskeleton organization through the family of GTPaseactivating proteins and N-cadherins (57, 58) .
In our study, pretreatment with Slit inhibited CXCL12-induced PI 3-kinase activity. Accumulating data have shown that multiple signaling mechanisms exist to regulate cell migration. PI 3-kinase, the tyrosine phosphatase-SHP2, and adaptor protein Cbl have been shown to regulate CXCL12-induced chemotaxis in T-cells (29, 42, 59 -61) . The role of PI 3-kinase in cell migration has been confirmed in studies of cells obtained from the knock-out mice of these proteins (59) . Src kinases are known to activate PI 3-kinase, which has been shown to associate with many signaling molecules including RAFTK and FAK (62) . Decreased Src kinase activation, followed by reduced phosphorylation of RAFTK and FAK, may be involved in the Slit-mediated inhibition of chemotaxis. Moreover, PI 3-kinase activity is regulated by PTEN (45) (46) . However, Slit had no effect on PTEN activity. This suggests that Slit-mediated inhibition of PI 3-kinase is not regulated through the PTEN pathway.
We also investigated the effect of Slit on the downstream pathways that are known to mediate transcriptional activation. Slit was shown to inhibit selectively p44/42 MAP kinase but had no effect on p38 MAP kinase or JNK. Previous studies (63) have reported that CXCL12 selectively induces the activity of p44/42 MAP kinase in the pre-B-cell line, L1.2. Cell adhesion has been shown to activate p44/42 MAP kinase (64) . The p44/42 MAP signaling pathway can inhibit cell motility either by regulating gene expression or by its inability to activate myosin light chain kinase (64) . However, in the case of T-cells, the p44/42 MAP kinase does not regulate CXCL12-induced chemotaxis (29) .
Slit was also seen to influence the interaction of breast cancer cells with the matrix environment by regulating the secretion of MMPs-2 and -9. These enzymes are known to play a pivotal role in tumor metastasis and invasion by the proteolytic degradation of extracellular matrix (49) . Recently, CXCL12 was shown to increase MMP-2 and MMP-9 in normal hematopoietic CD34ϩ cells and MMP-2 activity in rhabdomyosarcoma cells (65, 66) .
Taken together, our results provide new information regarding Slit-mediated reductions in CXCL12-induced processes, such as chemotaxis, adhesion, chemoinvasion, and MMP-2 and -9 secretion that are related to metastatic/invasive behaviors in breast cancer cells. Furthermore, our results also provide new information about how Slit may act at a molecular level to regulate CXCL12/CXCR4-mediated signaling pathways. These findings add a new dimension to our understanding of chemokine-mediated metastasis and also open up a new era of potential therapeutic interventions.
